Extracellular potassium ions (K+) raise the intracellular concentration of free Ca2l ([Ca2+J1) by gating voltage-dependent Ca2+ channels and stimulate aldosterone production in adrenal glomerulosa cells. The pathway leading from calcium influx to increased steroid synthesis has not been completely elucidated. In the present study we demonstrate that the reduction of pyridine nucleotides known to be required for steroid hydroxylation is enhanced by K+ (4.1-8.4 mM) in single rat glomerulosa cells. Cl-, and 2 g of human serum albumin (fraction V) per liter. For aldosterone studies, the cell suspension was preincubated at 37°C for 3 hr under a mixture of 95% 02 and 5% CO2.
roidogenesis was decreased as measured in cell suspensions. However, a possible explanation for this dichotomy is provided by the frnding that the level ofreduced pyridine nucleotides also decreased at supraphysiological K+ concentration.
Secretion of aldosterone is stimulated by K+ (2) (3) (4) . In rat glomerulosa cells, the nifedipine-sensitive Ca2+ influx was already detected at 3.6 mM K+ (5), the physiological plasma concentration in this species (6, 7) . Ca2+ influx elicits maximal aldosterone production at around 8 mM K+, and steroidogenesis is reduced at higher concentrations (8) (9) (10) in spite of further increases in
[Ca2+]i (11) . The reason for the dichotomy between [Ca2+]i and aldosterone production at supraphysiological K+ concentrations has not been elucidated. Here we have examined the formation of reduced pyridine nucleotides involved in cholesterol hydroxylation (1) and aldosterone production in K+-stimulated rat glomerlosa cells. We found that K+-induced elevation of [Ca2+i exerts similar effects on the reduction of mitochondrial pyridine nucleotides and the rate of aldosterone production. These data suggest that the Ca2+ modulation of redox state in the glomerulosa cell is a critical determinant of steroidogenesis.
MATERIALS AND METHODS
Glomerulosa cells were obtained from the adrenal capsular tissue of male Wistar rats by digestion with collagenase, as described (5) . The harvested cells were resuspended in a mixture of modified Krebs-Ringer-glucose solution and medium 199 (38:62, vol/vol) containing 142 mM Na+, 3 .6 mM K+, 1.2 mM Ca2+, 0.5 mM Mg2+, 25 mM HCO3-, 135 mM Cl-, and 2 g of human serum albumin (fraction V) per liter. For aldosterone studies, the cell suspension was preincubated at 37°C for 3 hr under a mixture of 95% 02 and 5% CO2.
After centrifugation, the cells were resuspended in the same medium (completed with KCI if required) and incubated for 2 hr under conditions as above. [Hyperosmosis induced by KCl had no effect on hormone production (unpublished observations).] At the end of incubation, the cells were pelleted and the supernatants were analyzed for aldosterone by radioimmunoassay (5) .
For measuring [Ca2+i, after the 3-hr preincubation period the cells (106 per ml) were loaded with 1 ,uM fura-2 acetoxymethyl ester (Calbiochem) for 30 15 min at 37°C in the presence of bovine serum albumin at 0.2 mg/ml. Excitation wavelengths of 340 and 363 nm were selected for fura-2 and NAD(P)H fluorescence, respectively; emission was measured at 470 nm. Amytal was from Serva. The quenching property of amytal was evaluated by comparing the increase in NAD(P)H after amytal (1 mM) with that after NaCN (1 mM). Similar qualitative increases (not shown) were obtained for the two metabolic inhibitors, indicating no significant quenching by amytal.
RESULTS
The rate of NAD(P) reduction appeared to be remarkably controlled by ambient K+ concentrations (Fig. 1) gradual increases in K+ were tested on the same single glomerulosa cell, NAD(P)H progressively rose to new levels ( Fig. 1) as did [Ca2+], in cell populations ( Fig. 2A) . It is noteworthy that the NAD(P)H fluorescence signal was enhanced when K+ was increased from 3.6 to 4.1 mM (Fig. 1B) , although a detectable rise in [Ca2+], was observed only at 4.6 mM K+ ( Fig. 2A) . The highest sustained NAD(P)H fluorescence (corresponding to an increase of about 30-40% of basal) was observed at 8.4 mM K+, a concentration where maximal aldosterone production was also attained (Fig. 2B) . When the cells were stimulated with 18 mM K+ (n = 3), an initial sharp increase in NAD(P)H fluorescence was followed by an abrupt fall, which was terminated only upon switching to the control K+ concentration (Fig. 1B) . This concentration of K+ also reduced aldosterone production, as compared with the effect of 8.4 mM K+ ( NAD(P)H fluorescence "on response" showed more rapid kinetics than the "response reversal." Both appeared to be related to the K+ concentration. In addition, the latter also depended on the duration of stimulus application (Fig. 3 ). NAD(P)H fluorescence often showed a biphasic pattern in that a rapidly attained peak was followed by a gradual decrease to a plateau level (Figs. 1B and 3C ). In Fig. 3 Cell Biology: Pralong et al.
.4 r";n more than twice that obtained with 5.6 mM K+. Furthermore, after short K+ exposure (Fig. 3 A and B ), NAD(P)H returned to basal in about 2-3 min. In contrast, prolonged stimulations (more than 5 min) often resulted in recovery times longer than 10 min (Fig. 3C ). The effect of K+ was dependent on the presence of extracellular Ca2l (Fig. 4) . Depletion of extracellular Ca2' abolished the effect of high K+ on NAD(P)H fluorescence (Fig. 4A) . Readdition of Ca2' restored the effect. When Ca2+ was chelated with EGTA after the onset of stimulation (Fig.  4B ), NAD(P)H fluorescence returned towards prestimulatory values, although the rate of reversal varied from cell to cell. Reintroduction of Ca2' again increased the rate of NAD(P) reduction, largely restoring the original plateau level.
To determine whether the response occurs in the cytosolic or mitochondrial pyridine nucleotide pool, we used amytal. This agent prevents the oxidation of NADH by site I of the mitochondrial respiratory chain. Amytal (1 mM) induced an immediate elevation of NAD(P)H fluorescence similar to that obtained after the first stimulation with 8.4 mM K+ (Fig. SA) . The presence of amytal completely obliterated the response to 8.4 mM K+ (Fig. 5A) . Conversely, when amytal was added after K+, no additional increase was detected ( Fig. SB and  legend) . It is noteworthy that the NAD(P)H level reached with 8.4 mM K+ is close to that induced by amytal (1 mM) (10 independent determinations).
In one cell preparation, five of eight K+-stimulated (5.6 mM) single cells displayed oscillations in NAD(P)H fluorescence (Fig. 6A) . One batch of these cells was loaded with the Ca2+ indicator fura-2. Under these conditions we observed oscillatory changes superimposed on a progressive increase in fluorescence at both excitation wavelengths, 340 
DISCUSSION
Aldosterone secretion depends essentially on de novo synthesis, since steroid hormones are not packaged and stored in secretory granules. In the processing of steroid hormones, cholesterol and its C21 derivatives undergo several hydroxylation steps requiring NADPH. The mitochondria are the sites for all except one (21-hydroxylation) of the hydroxylation steps. These reactions, including cholesterol side-chain cleavage (14) , depend essentially on NADPH that is generated by mitochondrial transhydrogenases at the expense of NADH (14, 15 Fig. 3 . The 363-nm excitation wavelength, which is just above the isosbestic point of the indicator (12) , was chosen so that any small contamination of the fura-2 signal would be in the opposite direction to the NAD(P)H signal. This is indeed the case, as attested by the small increase in fluorescence observed upon (18) . However, it should be kept in mind that in glomerulosa cells only 50% of total cellular pyridine nucleotides has been reported to be present in the mitochondrial compartment (19 (14) . Furthermore, in the same study, the inhibition of the NADH-coenzyme-Q reductase resulted not only in an increased NADH-to-NAD ratio but also in an augmented NADPH-to-NADP ratio. This was taken as evidence that the NADPH used for side-chain cleavage could be generated from NADH by transhydrogenation. The same process could underlie the increased NAD(P)H signal in response to either K+ or amytal observed in the present study. In line with our findings, it should be recalled that Ca2+-induced aldosterone production in permeabilized bovine glomerulosa cells was dependent on the presence of NADP and could be inhibited by ruthenium red (20) , a known blocker of Ca> uptake by mitochondria (17) . Maximal NAD(P)H formation and aldosterone production in response to K+ were reached at 8.4 mM. Stimulation with 18 mM K+, a concentration incompatible with life, although further increasing [Ca>2]j, depressed both NAD(P)H levels and aldosterone production. In this situation, the aldosterone production was, however, less depressed than the NAD(P)H signal. There may be several mechanisms leading to the decrease in pyridine nucleotide redox state and aldosterone production under high K+ conditions. On the one hand, augmented oxidation ofNADH used for the synthesis of ATP required for the homeostasis of Ca>2 and other ions would diminish the availability of reduced pyridine nucleotides for the mitochondrial hydroxylation steps. This could in part explain the apparent discrepancy between the NAD(P)H signal and aldosterone production under such nonphysiological conditions. Indeed, the NAD(P)H signal indicates only the pyridine nucleotide redox state and may not proportionally reflect the flux through either the transhydrogenases and the hydroxylations steps or the respiratory chain. gives higher values than in cell suspensions ( Fig. 2A) .
The kinetics of K+-induced changes in NAD(P)H fluorescence are reminiscent of both the kinetics of [Ca>2] changes in single glomerulosa cells previously reported (16) and those of aldosterone production with the same stimulus in cell populations (11) . Reoxidation of NAD(P)H, when control K+ concentration was restored, depended on the duration and concentration of the K+ stimulation. The fluorescence signal decreased instantaneously after short-term exposure but had a time lag of several minutes after long-term stimulation. This latter phenomenon may be due to the time-dependent actions of intracellular Ca2+ leading to hysteresial enzyme activations, to the accumulation of metabolic intermediates, and/or to a change in the kinetics of Ca2+ reequilibration (16) between the different intracellular compartments. Thus by favoring Ca>2 influx, K+ may stimulate steroid production by different means: (i) By stimulating mitochondrial dehydrogenases (17) , Ca2+ may directly increase the availability of reduced pyridine nucleotides necessary for the hydroxylation steps and side-chain cleavage (14, 15) ; indeed, Krebs cycle intermediates have been shown to support the reduction of pyridine nucleotides (14, 23) and steroid hydroxylation in adrenocortical cells (19, (24) (25) (26) , including glomerulosa cells (27) . Along the same lines, it should be recalled that corticotropin also enhances the activity of the Krebs cycle in the adrenal cortex (28) . (ii) In addition, Ca2+, in activating citric acid cycle flux, may also favor steroidogenesis by an increased formation of GTP by succinyl-CoA synthetase occurring simultaneously to the reduction of pyridine nucleotides. Indeed, it has been reported recently that GTP and the steroidogenesis activator polypeptide (SAP) stimulate cholesterol side-chain cleavage synergistically (29) . (iii) By eliciting protein phosphorylation either via Ca2+-calmodulin- (30) Proc. Natl. Acad. Sci. USA 89 (1992) may also favor steroidogenesis by promoting cholesterol transport into the mitochondria (33) .
In summary, the amplitude and kinetics of NAD(P)H formation paralleled those of aldosterone production at various K+ concentrations. Both parameters displayed bellshaped dose responses to K+ stimulation with a maximum at 8.4 mM. These observations demonstrate that the modulation of mitochondrial pyridine nucleotide redox state is one of the earliest events triggered by Ca2" in the activation of adrenal glomerulosa cells by K+. The fall in redox state observed at high K+ levels offers an attractive explanation for the dichotomy between [Ca2+]i and aldosterone production occurring in intact rat adrenal glomerulosa cells (11) . These data suggest that during the process of stimulus-secretion coupling, a critical level of reduced pyridine nucleotides may be one ofthe factors governing steroid production in the adrenal glomerulosa cell. Similar mechanisms could be relevant in other steroid-producing cells whose steroidogenesis is increased after stimulation with Ca2+-raising agonists. Furthermore, the present study shows that intermediate K+ concentrations may induce oscillations in both [Ca2+l and NAD(P)H fluorescence in adrenal glomerulosa cells.
